Background/Aims: Previous studies have shown that heat shock protein 90 (HSP90)-mediated mitochondrial import of connexin 43 (Cx43) is critical in preconditioning cardioprotection. The present study was designed to test whether postconditioning has the same effect as preconditioning in promoting Cx43 translocation to mitochondria and whether mitochondrial HSP90 modulates this effect. Methods: Cellular models of hypoxic postconditioning (HPC) from rat heart-derived H9c2 cells and neonatal rat cardiomyocytes were employed. The effects of HPC on cardiomyocytes apoptosis were examined by flow cytometry and Hoechst 33342 fluorescent staining. Reactive oxidative species (ROS) production was assessed with the peroxide-sensitive fluorescent probe 2′,7′-dichlorofluorescin in diacetate (DCFH-DA). The anti-and pro-apoptotic markers Bcl-2 and Bax, HSP90 and Cx43 protein levels were studied by Western blot analysis in total cell homogenate and sarcolemmal and mitochondrial fractions. The effects on HPC of the HSP90 inhibitor geldanamycin (GA), ROS scavengers superoxide dismutase (SOD) and catalase (CAT), and small interfering RNA (siRNA) targeting Cx43 and HSP90 were also investigated. Results: HPC significantly reduced hypoxia/reoxygenation (H/R)-induced cardiomyocyte apoptosis. These beneficial effects were accompanied by an increase in Bcl-2 levels and a decrease in Bax levels in both sarcolemmal and mitochondrial fractions. HPC with siRNA targeting Cx43 or the ROS scavengers SOD plus CAT significantly prevented ROS generation and HPC cardioprotection, but HPC with either SOD or CAT did not. These data strongly supported the involvement of Cx43 in HPC cardioprotection, likely via modulation of the ROS balance which plays a central role in HPC protection. Furthermore, HPC increased total and mitochondrial levels of HSP90 and the mitochondria-to-sarcolemma ratio of Cx43; blocking the function of HSP90 with the HSP90 inhibitor geldanamycin (GA) or siRNA targeting HSP90 prevented the protection of HPC and the HPC-induced association of Cx43, indicating that mitochondrial HSP90 was important for mitochondrial translocation of Cx43
Introduction
The reduction of ischemia-reperfusion (I/R) injury is a major challenge for acute myocardial infarction. Arrhythmias, "myocardial stunning", as well as cardiomyocyte apoptosis initiated during the crucial early moments of reperfusion are sometimes extremely severe or fatal and diminish the benefits of reperfusion. Within the last decade, many basic science and clinical studies have confirmed that ischemic postconditioning, whereby brief periods of ischemia were applied during the start of reperfusion, significantly reduced myocardial injury [1] [2] [3] [4] . Postconditioning-related cardioprotective mechanisms are currently under investigation, and emerging data provide evidence that reactive oxidative species (ROS) signaling during early reperfusion is crucial for postconditioning-induced cardioprotection [5] [6] [7] [8] . ROS are generated during the early phase of reflow and are considered a major cause of reperfusion injury [9, 10] , although this conclusion is still debated. In fact, current literature describes both protective and deleterious effects of ROS. However, the precise mechanisms for the controversial roles of ROS in myocardial I/R injury and cardioprotection have not yet been fully elucidated.
Connexin 43 (Cx43) is the predominant protein forming gap junctions in ventricular myocardium and is essential for intercellular electrical conduction and cell survival in mammals [11] . Apart from its localization at the sarcolemma, Cx43 is also expressed in mitochondria in cardiomyocytes [12] . Previous studies have indicated that mitochondrial Cx43 plays an essential role in cardioprotection during preconditioning because it appears to be a prerequisite for mitochondrial generation of a specific ROS signal [13, 14] . However, whether Cx43 is involved in postconditioning-induced cardioprotection and the corresponding details is unclear.
Heat shock protein 90 (HSP90), one of the most abundant and conserved molecular chaperones, is essential for the integrity and function of numerous signaling client proteins. HSP90 is activated by cellular stresses and can facilitate mitochondrial import of cytosolic proteins during ischemic preconditioning [15, 16] . The action of HSP90 in mitochondrial targeting is a novel cellular function of this chaperone. Our laboratory recently demonstrated that HSP90 is critical for postconditioning-induced cardioprotection and that its activity may be linked to mitochondrial targeting of PKCepsilon [17] . It is well known that HSP90-mediated mitochondrial import of Cx43 as well as ATP-sensitive K + channels are critical during the cardioprotection of preconditioning [15, 18] . However, it is not clear whether HSP90-mediated mitochondrial import of Cx43 is responsible for the cardioprotection of postconditioning. Moreover, few investigations have been conducted to determine the role of mitochondrial HSP90 in postconditioning.
Therefore in the present study, we tested the hypothesis that hypoxia postconditioning (HPC) attenuated hypoxia/reoxygenation (H/R)-induced cardiomyocyte injury and apoptosis via mitochondrial HSP90, which was linked to mitochondrial targeting of Cx43, ultimately triggering small amounts of ROS signaling in mitochondria. Specifically, the effects of HPC on cardiomyocyte apoptosis were examined. Levels of anti-and pro-apoptosis markers, HSP90 as well as Cx43 proteins in total cellular and sarcolemmal and mitochondrial fractions were examined by Western blot analysis. The effects on HPC of the HSP90 inhibitor geldanamycin (GA), ROS scavengers superoxide dismutase (SOD) and catalase (CAT), and small interfering RNA (siRNA) targeting Cx43 and HSP90 were also investigated. Annexin V-FITC and PI were considered late apoptotic or necrotic. Data analysis was performed using the Cell Quest Software Program.
Detection of apoptosis by fluorescence microscopy
To assess nuclear morphology changes associated with apoptosis, Hoechst 33342 fluorescent dye (Thermo Fisher Scientific Inc. Rockford, IL, USA, 1 µg/mL) was used. Briefly, the cells were grown on glass slides and fixed in 3.7% buffered formaldehyde for 10 min at room temperature. They were then stained with Hoechst 33342 for 15 min after washing with deionized water. Apoptotic cells displayed an abnormal nuclear morphology, including nuclear condensation, cell shrinkage, nuclear fragmentation, and chromosomal DNA fragmentation. The cells were analyzed using an Axiostar Plus fluorescence microscope (Karl Zeiss Microscopy GmbH, Jena, Germany).
Preparation of mitochondria
Mitochondria were prepared from neonatal rat cardiomyocytes and H9c2 cells by differential centrifugation using a modification of a published procedure [20] . At the end of reoxygenation, the cells were scraped, washed, suspended in an ice-cold buffer containing 250 mM sucrose, 5 mM EDTA, 5 mM HEPES, and protease inhibitor cocktail, and then homogenized 30 s on ice using an ice-cold Potter. The homogenate was centrifuged twice at 1000 g for 10 min at 4°C to remove nuclei and debris. The supernatants were centrifuged for 30 min at 12, 000 g at 4°C. The mitochondrial pellet was suspended in homogenizing buffer and further purified by 2 additional centrifugation cycles (8, 500 g, 10 minutes, 4°C), and the final pellet was resuspended in solution buffer (in mM: 150 KCl, 5 K-HEPES, 1 CaCl 2 , pH 7.2). The protein level was determined using Bradford's method [21] .
Preparation of sarcolemmal protein
Sarcolemmal protein from neonatal rat cardiomyocytes and H9c2 cells was obtained by differential centrifugation using the membrane Protein Extraction Kit (Biovison and Abcam) according to the manufacturer's instructions. Briefly, at the end of reoxygenation, the cells were washed, scraped, suspended in a membrane protein extraction buffer (250 mM sucrose, 10 mM HEPES-KOH, 1 mM EGTA, 1 µl protease inhibitors, and 1 µl DTT), homogenized, and spun (14000 g, 10 minutes, 4°C). The supernatant containing the sarcolemmal membrane was placed in a water bath (10 minutes, 37°C) and then pelleted (13000 g, 5 minutes, 4°C). The sarcolemmal pellet was suspended in sterile water and further purified by 2 additional centrifugation (14000 g, 10 minutes, 4°C) and water bath (10 minutes, 37°C) cycles. The final pellet was resuspended in anhydrous acetone solution, and the protein level was determined by Bradford's method.
Determination of mitochondrial ROS production
Mitochondrial ROS production was assessed with the peroxide-sensitive fluorescent probe 2′,7′-dichlorofluorescin in diacetate (DCFH-DA) (GENMED, GMS10016.2) as described previously [22, 23] . DCFH-DA is converted by intracellular esterases to DCFH, which is oxidized into the highly fluorescent dichlorofluorescin (DCF) in the presence of a proper oxidant and can then be assessed using a fluorescence microplate reader (Tecan Infinite M200, Tecan, Austria). In brief, the freshly prepared mitochondria were incubated with DCFH-DA (10 µmol/L) in serum-free DMEM for 20 min at 37°C in the dark. The fluorescence in the supernatant was measured using a microplate reader at specific excitation/emission wavelengths of 488/525 nm. The results are expressed as the fluorescence of DCF per milligram of protein.
Western blotting
Immunoblot analysis was performed using total protein, sarcolemmal and mitochondrial fractions. To confirm the purity of the sarcolemmal or mitochondrial fractions, antibodies against the sarcolemmal marker (Na + -K + -ATPase) and the mitochondrial marker cytochrome c oxidase IV (COXIV) were used. In brief, the purified sarcolemmal and mitochondrial fractions were denatured in sample buffer, and then equal amounts of proteins were separated by SDS-polyacrylamide on 8% (for HSP90) or 12% (for GAPDH, Bcl-2, Bax, Cx43, Na -ATPase, anti-Bcl-2, and anti-Bax (BD Biosciences, Milano, Italy; Santa Cruz, CA, USA; and Sigma-Aldrich, MO, USA). After washing, the membranes were incubated with peroxidase-conjugated secondary antibodies for 1 h at room temperature, visualized using the ECL detection system and quantified using ImageJ (NIH).
Statistical analysis
Data were analyzed using SPSS 13.0 (SPSS Inc., Chicago, IL, USA) and are presented as the mean ± SD of at least four independent experiments. The unpaired t-test was used to compare groups. Multiple group means were compared by one-way analysis of variance followed by the LSD post-hoc test. A p-value <0.05 was considered significant.
Results

Role of HSP90 in cell apoptosis during hypoxic postconditioning
To determine whether HSP90 is involved in postconditioning, we first examined the levels of HSP90 in the total cellular fraction of postconditioned cardiomyocytes. As shown in Fig. 1A , HPC significantly increased the levels of HSP90 protein compared with the H/R group (101.2±1.2% vs. 62.7±1.3%; P <0.05). As mitochondria play pivotal roles in the cascade of events associated with postconditioning, we further examined HSP90 expression in the mitochondrial fraction and observed a significant increase in mitochondrial HSP90 in the HPC but not in the H/R group (P<0.05; Fig. 1B) . Concomitantly, the number of apoptotic cardiomyocytes identified by Annexin V-FITC and Hoechst 33342 staining was significantly lower in the HPC group compared with the H/R group (21.1±1.4% vs. 48.2±1.3% and 21.6±1.1% vs. 42±1.1%, respectively; P <0.05; Fig. 2A&C ). These observations suggested that HPC inhibited cardiomyocytes apoptosis by increasing HSP90 expression. 
Cellular Physiology and Biochemistry
It is known that the HSP90 inhibitor has many nonspecific effects. To confirm the specific role of HSP90 on HPC cardioprotection, we examined the effect of suppressing endogenous HSP90 with siRNAs targeting the HSP90 α and β isoforms in the rat embryonic cardiomyoblastderived cell line H9c2. These cells, which were derived from embryonic rat heart, are used extensively as an in vitro model in studies exploring cardioprotection, heat shock proteins and protein kinases since they display similar morphological, electrophysiological, and biochemical properties to primary cardiomyocytes and are easily transfected [15, 16, 24] . Western blot analysis of cell lysates harvested at 48-72 h after transfection with siRNA directed against HSP90 revealed that the levels of HSP90 were dramatically decreased (3.6-fold compared with control; P <0.05; Fig. 4A&B ). A negative control siRNA (C-siRNA) did not have any effect on the total protein level of HSP90 (P＞0.05, compared with control group; Fig. 4A&B ). Then, we tested the change in apoptosis in H9c2 cells exposed to HPC. Similar to the results obtained for cardiomyocytes, HPC with three cycles of 5 min reoxygenation and 5 min hypoxia inhibited H9c2 cell apoptosis (P<0.05, compared with H/R group; lane 2 in Fig.  2B&D ), and this effect was largely prevented by suppression of HSP90 with siRNA (P<0.05, compared with HPC group; lane 4 in Fig. 2B&D ). Transfection with C-siRNA had no impact on the apoptotic-cardiomyocyte-limiting effect of HPC (P＞0.05, compared with HPC group; lane 3 in Fig. 2B&D ). Taken together, these results indicated that HSP90 was involved in the cardiomyocyte protection of HPC. 
Role of HSP90 in expression of Bcl-2 and Bax proteins in mitochondrial and sarcolemmal fraction during hypoxic postconditioning
The Bcl-2 family plays a central role in the mitochondrial apoptotic pathway. To exhaustively investigate the role of the Bcl-2 family in HPC, we analyzed the distributions of Bcl-2 and Bax in the mitochondrial and sarcolemmal fractions isolated from cardiomyocytes. The purity and enrichment of mitochondria and sarcolemma were determined using antibody against COXIV and Na + /K + -ATPase. As shown in Fig. 3A , the mitochondrial fraction was highly enriched and free of sarcolemmal contamination, and the sarcolemmal fraction was highly enriched and free of mitochondrial contamination. HPC-treated cardiomyocytes exhibited higher levels of Bcl-2 and lower levels of Bax both in the mitochondrial and sarcolemmal fractions, (P<0.05, compared with the H/R group; mitochondria: 99.9±3.2% vs. 55±1% and 19.2±1.1% vs. 56.8±0.9%, respectively; sarcolemma: 81.8±1.8% vs. 21.1±2.3% and 31.7±1.6% vs. 93.2±2%, respectively; Fig. 3B-D) , which was prevented by GA and siRNA against HSP90 (P<0.05, compared with HPC group; lane 4 of Fig. 3B-D, lane 3 of Fig. 4C-E) . These results suggested that HPC protected the cardiomyocytes against H/R-induced apoptosis by increasing Bcl-2 and decreasing Bax mitochondrial and sarcolemmal levels. GA and HSP90-siRNA treatment counteracted the antiapoptotic effects of HPC by suppressing Bcl-2 and increasing Bax mitochondrial and sarcolemma levels. 
Role of HSP90 in mitochondrial targeting of Cx43 during hypoxic postconditioning
Since HSP90 has been linked to cardioprotection of ischemic preconditioning and mitochondrial import of Cx43, we tested whether HSP90 had the same effect as the promotion of Cx43 translocation into mitochondria during HPC. Western blot analysis using an antibody against total-Cx43 (TCx43) and phosph-Cx43 (PCx43) revealed a prominent protein band in the mitochondrial fraction compared with a faint band in the sarcolemmal fraction during HPC (Fig. 5A-C) . These results indicated that HPC induced a significant redistribution of TCx43 and PCx43 from the sarcolemma to mito- Fig. 5A -C, the mitochondria-to-sarcolemma ratios of TCx43 and PCx43 increased significantly in the HPC group compared with the H/R group (P<0.05, mitochondria: 62.2±1.3% vs. 21.2±0.7% and 65.5±1.0% vs. 36.1 ±1.3%, respectively; sarcolemma: 11.6±1.1% vs. 76.2±1.2% and 22.3±1.7% vs. 76.9±1.4%, respectively). The HSP90 inhibitor GA blocked the effect of HPC-induced translocation of TCx43 and PCx43 to mitochondria. Similar results were also obtained using siRNA against HSP90 (P<0.05, compared with HPC group; Fig. 5D-F) . These results indicated that HPC induced the translocation of Cx43 from sarcolemma to mitochondria via activation of HSP90.
chondria. As shown in
Role of mitochondrial Cx43-ROS during hypoxic postconditioning
Mitochondrial Cx43 plays an important role in ischemic preconditioning, likely via modulation of the opening of mKATP channels and subsequent ROS signaling [14, 25] . We sought to determine whether mitochondrial Cx43 is involved in HPC, underpinning the initial triggering role of ROS signaling and the subsequent reduction of redox stress. As shown in Fig. 6A , mitochondrial ROS production after H/R with 3 h of hypoxia and 6 h of reoxygenation was significantly increased, and this phenomenon was inhibited by HPC with three cycles of 5 min reoxygenation and 5 min hypoxia (P <0.05), suggesting that ROS might be cardioprotective at a low level but detrimental at a high level, and thus a moderate ROS level, lower than the level that initiates damage during in the early reoxygenation stage, is required to trigger effective cardioprotective signaling.
To determine the mechanism underlying ROS-induced cardioprotection of HPC, the ROS inhibitors SOD, CAT, and SOD plus CAT were utilized. As shown in Fig. 6 , mitochondrial ROS production slightly decreased in response to HPC in the SOD or CAT group, but it decreased approximately 2-fold in the HPC-treated SOD plus CAT group (P<0.05, compared with HPC group). The remarkable reduction in mitochondrial ROS is consistent with the increase in cardiomyocytes apoptosis. As shown in Fig. 2A&C, Fig. 7A-C ). There were no significant differences among the HPC, HPC with SOD and HPC with CAT groups. Taken together, these data suggest that postconditioning relies on a certain level of ROS signaling, too much or too little mitochondrial ROS production is detrimental and inhibits the apoptoticand cardiomyocyte-limiting effect of HPC. Thus, maintenance of the ROS balance is a central feature of HPC protection. The potential mechanisms involved in the ROS balance during HPC are presently unresolved. Here, we examined the role of Cx43 in the modulation of ROS signaling in HPC by examining the effect of Cx43 on cardioprotection through siRNA-reduced expression of Cx43. As shown in Fig. 8A &B, transfection of H9c2 cells with Cx43-siRNA significantly reduced the expression of endogenous Cx43 (3.7 -fold compared with control; P<0.05). Mitochondrial ROS production was also markedly inhibited by Cx43-siRNA (P<0.05, Fig.  6B ). The remarkable reduction in mitochondrial ROS is consistent with the increase in H9c2 cell apoptosis. As shown in Fig. 2B&D , siRNA-Cx43 treatment significantly abolished the antiapoptotic effect of HPC. It also suppressed Bcl-2 and increased Bax mitochondrial and sarcolemmal levels ( Fig. 8C-E) . Therefore, our data suggest that mitochondrial Cx43 is involved in HPC cardioprotection, likely via modulation of the ROS balance.
Discussion
The key finding of the present study is that HPC enhances the translocation of Cx43 to the mitochondria in an HSP90-dependent manner. We showed that HPC significantly reduced H/R-induced cardiomyocyte apoptosis, modulated mitochondrial ROS production, and increased the expression of HSP90 protein at total and mitochondrial levels. We further demonstrated for the first time that HSP90, especially in the mitochondrial fraction, was critical for Cx43-mediated cardioprotection against H/R-induced injury, possibly by promoting Cx43 targeting to mitochondria and subsequent ROS signaling, ultimately leading to a reduction in cardiomyocyte apoptosis and necrosis by induction of the antiapoptotic protein Bcl-2 and inhibition of proapoptotic Bax in the mitochondrial and sarcolemma fractions. Our data reveal a novel mechanism of HPC protection. HSP90 is a molecular chaperone that is required for importing hydrophobic membrane proteins into mitochondria, especially during stress conditions [26] . We have previously reported that HSP90-mediated mitochondrial import of PKCepsilon plays a central role in protection of the myocardium against I/R injury [17] . It is well-known that HSP90-mediated mitochondrial import of Cx43 and adenosine triphosphate-sensitive K + channels is critical during preconditioning cardioprotection. In the present study, we assessed whether HPC had the same effect as preconditioning on promoting Cx43 translocation to mitochondria and whether HSP90 could modulate this effect. We showed that HPC increased the total and mitochondrial levels of HSP90 and the mitochondria-to-sarcolemma ratio of Cx43; suppressing the function of HSP90 with GA or HSP90-siRNA prevented the HPC-induced association of Cx43, indicating that mitochondrial HSP90 was important for the mitochondrial translocation of Cx43 during HPC. To the best of our knowledge, this is the first description of the interaction between mitochondrial HSP90 and the mitochondrial import of Cx43 in HPC, suggesting a possible mechanism for the mitochondrial translocation of Cx43. The main gap junction protein, Cx43, is an emerging therapeutic target in I/R injury and cardioprotection [27] . In addition to the sarcolemma, Cx43 is also found in the inner mitochondrial membrane. It is well known that Cx43 mitochondrial targeting is a prerequisite for protection during preconditioning. Reduced levels of mitochondrial Cx43 abolishes the infarct size reduction caused by diazoxide in isolated rat hearts [28] . However, positive and negative results against reperfusion injuries have been obtained for Cx43 during postconditioning. Previous data have indicated that Cx43 does not appear to be important for cardioprotection during ischemic postconditioning [29] . However, recent studies have demonstrated that ischemic postconditioning decreases the rat infarct size by improving the expression of cellular membrane Cx43 [30] . Although increasing evidence suggests that Cx43 is linked to postconditioning [30] [31] [32] [33] , no studies have addressed the translocation of Cx43 to the mitochondria during postconditioning. The experiments presented herein were designed to determine whether postconditioning altered Cx43 in sarcolemmal and mitochondrial fractions. We found relatively low levels of TCx43 and PCx43 in mitochondria in the H/R group, but significantly higher levels in the HPC group. In contrast, the levels of TCx43 and PCx43 in the sarcolemma were relatively higher in the H/R group, but significantly lower in the HPC group, indicating that HPC induced a significant redistribution of Cx43 from the sarcolemma to mitochondria.
Most recently, a link between Cx43 and ROS formation has been provided. In fact, the main source of ROS in cardiomyocytes is located in mitochondria. While ROS are among the main determinants of cellular damage during longer periods of ischemia and reperfusion, there is also ample evidence that mitochondrial ROS signaling is linked to preconditioning and postconditioning cardioprotection [34, 35] . However, the precise mechanisms underlying the controversial roles of ROS in cardiomyocyte H/R injury and cardioprotection are not yet fully understood. In the present study, we found that a burst of ROS during reoxygenation was detrimental to cardiomyocytes, but a controlled amount of ROS generated during HPC triggered protective signaling and reduced cardiomyocyte apoptosis. HPC appeared to modulate the endogenous ROS balance. The signaling role of ROS is also consistent with the significant blunting of the protective effects of postconditioning in isolated rat hearts and human myocardium by the ROS scavenger N-acetyl-L-cysteine or N-mercaptopropionylglycine [36, 37] .
As the most common combination of ROS scavengers, SOD (eliminated O2 -• ) and CAT (eliminated H 2 O 2 ) have been intensively used to explore ROS signaling in cardioprotection during preconditioning and postconditioning. In the present study, to elucidate the underlying mechanism of ROS-mediated cardioprotection of HPC, neonatal rat cardiomyocytes were treated with SOD or CAT or SOD plus CAT. Mitochondrial ROS were significantly decreased in HPC with SOD plus CAT treatment compared with HPC with SOD or CAT treatment. Interestingly, the application of SOD or CAT during postconditioning did not abolish the anti-apoptotic effects of postconditioning, whereas postconditioning with SOD plus CAT prevented its anti-apoptotic effect. These findings might be due to the reliance of postconditioning on a certain level of ROS signaling; thus, unlike SOD plus CAT, either SOD or CAT could maintain endogenous ROS at the lowest possible level during early reoxygenation in HPC to reach the required threshold to trigger efficient cardioprotection. This result supports our observations indicating that maintenance of the ROS balance is a central aspect of HPC protection.
The potential mechanisms involved in the balance of ROS during HPC remain elusive. In the present study, we found that the HPC-induced ROS balance was accompanied by enhanced mitochondrial Cx43. Furthermore, a significant reduction of mitochondrial ROS production by siRNA-induced inhibition of Cx43 abolished the protection induced by HPC. Since postconditioning protection was Cx43-ROS-dependent, the concept emerged that Cx43 was essential for the cytoprotective signal transduction triggering ROS and subsequent reduction of redox stress.
Cardiomyocyte apoptosis, triggered by the bursts of ROS during reoxygenation, is a major mechanism underlying H/R injury. Accumulating studies have shown that the pro- apoptotic (Bax) and anti-apoptotic (Bcl-2) proteins of the Bcl-2 family play a pivotal role in this apoptotic process [38] The balance between pro-and anti-apoptotic members of the Bcl-2 family is critical in determining cell fate. Apart from their localization at the mitochondria and the cytoplasm, Bcl-2 and Bax proteins are also constitutionally present on the sarcolemma of the cardiomyocytes [39] . Currently, the anti-apoptotic role of cytosolic Bcl-2 in postconditioning cardioprotection has been well investigated in both in vivo and in vitro [38, 40] , but little is known regarding the role of Bcl-2 family members in the sarcolemma and mitochondria. Here we examined the effects of HPC on Bcl-2 family proteins, especially in the sarcolemmal and mitochondrial fractions. We demonstrated that HPC blocked the decrease in Bcl-2 and increase in Bax that usually accompany H/R in both sarcolemmal and mitochondrial fractions of neonatal rat cardiomyocytes and H9c2 cells, confirming that the anti-apoptotic effect of HPC involved these two factors. The possible mechanism in which HPC regulates Bcl-2 and Bax in sarcolemma and mitochondria is the inhibition of the bursts of ROS. It is well accepted that the main targets of ROS are sarcolemma and mitochondria of the cardiomyocytes. Indeed, sarcolemma damage remains the basis for utilizing intracellular components as biomarkers for clinical diagnosis of myocardial infarct. As a death signal, ROS may activate pro-apoptotic Bax in sarcolemma during reoxygenation. The activated Bax translocates to the mitochondria, and interacts with Bcl-2 and other members of the Bcl-2 family into complexes, thus facilitates the release of cytochrome c, and activates the mitochondrial apoptotic pathway [41, 42] . However, these bursts of ROS and activation of Bax were significantly inhibited by HPC. Furthermore, HPC increased sarcolemmal and mitochondrial levels of Bcl-2. Anti-apoptotic Bcl-2 protects the sarcolemma and the mitochondria by inhibiting Bax activation and subsequent mitochondrial translocation, thus preventing Bax from disrupting outer mitochondrial membrane integrity, and inhibiting the release of cytochrome c and subsequent procaspase activation. Future studies are needed to further define the function of Bcl-2 and Bax in sarcolemma and mitochondria in cardiomyocytes during HPC.
Conclusion
Mitochondrial HSP90 played a central role in HPC cardioprotection, and its activity was linked to the mitochondrial targeting of Cx43, the activation of which triggered ROS signaling and subsequent reduction of redox stress and resulted in the upregulation of its target gene Bcl-2 and inhibition of proapoptotic Bax in the sarcolemma and mitochondria, ultimately attenuating H/R-induced cardiomyocyte apoptosis. Our observations increase the body of knowledge concerning HPC-mediated cardioprotection against H/R injury and may lead to the identification of potential therapeutic targets.
